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Solar  air  heating  (solar  collector)  is  a  renewable  heating  technology  and  provides  heat  using  solar  energy. 
With  fuel  costs  and  other  factors,  solar  air  heaters  (SAHs)  are  getting  more  attention.  The  energetic  and 
exergetic  performance  of  SAHs  is  influenced  by  a  number  of  factors.  The  present  study  reviews  the 
previously  conducted  studies  and  applications  in  terms  of  design,  performance  assessment,  heat 
transfer  enhancement  techniques,  experimental  and  numerical  works,  thermal  heat  storage,  effective¬ 
ness  compassion  and  recent  advances.  It  may  be  concluded  that  energy  analysis  method  has  been  used 
in  a  number  of  studies  while  exergy  analysis  method  has  been  applied  to  the  relatively  low  numbers  of 
systems.  Energy  efficiencies  of  solar  air  collectors  reviewed  varied  from  47%  and  89%.  It  is  expected  that 
this  comprehensive  study  will  be  very  beneficial  to  everyone  involved  or  interested  in  the  energetic  and 
exergetic  design,  simulation,  analysis,  test  and  performance  assessment  of  SAHs. 
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1.  Introduction 

The  simplest  and  most  efficient  way  to  utilize  solar  energy  is  to 
convert  it  into  thermal  energy  for  heating  applications  using  solar 
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collectors.  Solar  air  heaters  (SAHs)  are  cheap  and  have  been  widely 
used  for  years  because  of  their  inherent  simplicity.  They  are  a  kind  of 
heat  exchangers  that  transform  solar  energy  into  heat.  Most  advan¬ 
tages  of  these  systems  are  freezing  or  boiling  of  the  fluid  does  not 
occur.  Disadvantages  are,  however,  the  low  density,  the  low  thermal 
capacity  and  the  small  heat  conductivity  of  air.  The  main  applications 
of  SAHs  are  space  heating,  seasoning  of  timber,  curing  of  industrial 
products,  and  these  can  also  be  effectively  used  for  curing/drying  of 
concrete/clay  building  components.  The  SAH  occupies  an  important 
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Nomenclature 

Greek  letters 

Ac 

surface  area  of  the  collector  (m2) 

oc 

absorptivity  (dimensionless) 

cP 

specific  heat  of  air  at  constant  pressure  (kj/kg  K) 

Pi 

thermal  efficiency  (dimensionless) 

E 

energy  rate  (kW) 

Pu 

exergetic  efficiency  (dimensionless) 

Ex 

exergy  rate  (kW) 

Po 

optical  yield  (dimensionless) 

h 

enthalpy  (kj/kg) 

* 

specific  exergy  (kj/kg) 

I 

solar  radiation  (W/m2) 

IP 

rate  of  improvement  potential  (kW) 

Subscripts 

m 

mass  flow  rate  (kg/s) 

M 

mass  (kg) 

a 

air 

P 

fluid  pressure  (Pa) 

ave 

average 

R 

universal  gas  constant  (J/kg  K) 

C 

collector 

R 

regression  coefficients  (dimensionless) 

D 

dimensionless 

Qc 

heat  rate  (kW) 

c 

convection 

s 

entropy  (kj/kg  K) 

dest 

destroyed 

S 

entropy  generation  rate  (kW/kg  K) 

f 

fluid 

T 

temperature  (°C) 

in 

inlet 

U 

heat  loss  coefficient  (W/m2  °C) 

m 

mean 

W 

work  rate  or  power  (kW) 

out 

outlet 

w 

uncertainty  in  the  measurement  (%) 

P 

plate 

It 

incident  solar  energy  per  absorber  area  unit  (kW  m~2) 

r 

radiation 

Nu 

Nusselt  number =hDh/k 

s 

sun,  sun  temperature,  smooth  duct 

/ 

fanning  friction  factor 

G 

glass 

P 

reflectivity  of  the  absorber 

T 

transmissivity  of  the  absorber 

t  a 

effective  product  transmittance-absorptance 

place  among  solar  heating  system  because  of  minimal  use  of 
materials  and  cost  [1,2].  The  applications  of  solar  energy  to  heat 
the  fluids  can  include  drying  vegetables,  fruits,  meats,  eggs 
incubation,  and  other  industrial  purposes  [3].  SAHs  are  also 
integrated  with  photovoltaic  (PV)  systems  to  produce  both 
thermal  energy  and  electricity,  which  are  called  as  PV/T  collec¬ 
tors  [4].  Some  important  advantages  of  solar  thermal  systems  are 
as  follows:  they  work  on  noiseless  environment,  do  not  produce  any 
unwanted  waste  such  as  radioactive  materials  and  are  one  of  clean 
technologies.  They  do  not  produce  any  toxic  waste  or  radioactive 
material  and  are  highly  credible  systems  with  life  span  expectation 
between  20  and  30  years.  They  are  also  low  maintenance  systems. 
Non-uniform  cooling  -  need  innovative  absorber  design,  payback  - 
less  efficiency,  longer  payback  period,  production  and  installation 
cost-expensive  and  high  cost,  not  suitable  for  integration  with  present 
roof  system  and  need  larger  space  for  separate  systems  (hot  water 
and  electricity  production)  are  some  disadvantages  of  solar  systems. 

SAHs  are  also  used  to  heat  spaces,  especially  during  autumn 
and  spring  seasons.  As  stated  above  that  their  efficiencies  are  still 
lower  compared  to  other  systems.  Thus,  there  are  many  studies 
on  heat  transfer  enhancement  technique  of  SAHs  such  as  surface 
treatment,  attaching  of  different  shaped  baffles  or  fins,  changing 
of  flow  directions  etc.  in  the  literature.  In  the  recent  years,  many 
studies  have  focused  on  enhancement  of  heat  transfer  in  SAHs 
and  constructing  of  high  efficiency  collectors.  Various  studies 
have  been  undertaken  using  numerical  and  experimental  meth¬ 
ods,  while  results  obtained  have  been  used  to  calculate  energy 
and  exergy  efficiency  of  SAHs. 

2.  Historical  development  of  solar  air  collectors 

Solar  energy  has  been  used  since  time  immemorial  to  dry 
agricultural  products,  to  provide  space  heat  in  cold  seasons  or  to 
create  ventilation  in  homes,  applications,  which  are  still  used  in 


many  developing  countries.  More  than  two  thousand  years  ago, 
Heron  of  Alexandria  constructed  a  simple  water  pump  driven 
by  solar  energy,  and  in  214  B.C.,  Archimedes  of  Syracuse  used 
concentrating  solar  mirrors  to  set  fire  to  Roman  ships  [5].  By 
1870,  John  Ericsson,  one  of  the  most  influential  and  controversial 
U.S.  engineers  of  the  nineteenth  century,  had  developed  what  he 
claimed  to  be  the  first  solar-powered  steam  engine.  There  are 
records  of  solar  collectors  in  the  United  States  dating  back  to 
before  1900,  comprising  a  black-painted  tank  mounted  on  a  roof. 
In  1896  Clarence  Kemp  of  Baltimore,  USA  enclosed  a  tank  in  a 
wooden  box,  thus  creating  the  first  ‘batch  water  heater’  as  they 
are  known  today.  Although  flat-plate  collectors  for  solar  water 
heating  were  used  in  Florida  and  Southern  California  in  the  1920s 
there  was  a  surge  of  interest  in  solar  heating  in  North  America 
after  1960,  but  specially  after  the  1973  oil  crisis. 

By  the  mid-1980s,  contemporary  solar  engineers  determined 
that  for  sunny  areas,  tracking  parabolic  troughs  were  the  best 
compromise  because  they  exhibited  superior  cost/power  ratios  in 
most  locations.  In  1978,  studies  on  research  and  development  of 
the  line  focus  parabolic  trough  concentrator  were  begun  [6].  The 
first  Commercial  solar  power  plants  have  been  in  operation  in 
California  since  the  mid-1980s,  providing  the  354  MW  of  the 
world’s  lowest-cost  solar  power  [7].  Interest  in  commercializing 
concentrating  solar  technologies  has  been  rejuvenated,  after  a 
first  phase  of  success  in  the  late-1980s  [8]. 


3.  Classification  of  solar  air  collectors 

SAHs  are  classified  according  to  collector  cover,  absorber 
materials,  shape  of  absorbing  surface,  absorber  flow  pattern,  flow 
shapes,  hybrid  collectors  and  their  applications.  All  challenges 
have  focused  on  heat  transfer  enhancement  inside  the  SAHs.  A 
classification  of  SAHs  is  given  in  Fig.  1  where  each  group  is  divided 
into  sub-classifications. 
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Fig.  1.  Classification  of  collectors. 


Fig.  2.  Schematic  diagram  of  the  air  solar  collector  [10]. 


4.  Brief  theory  on  solar  air  collector  performance 


Calculation  of  the  solar  collector  efficiency  according  to  the 
first  law  is  defined  as  the  ratio  of  the  energy  gain  to  the  solar 
radiation  incident  on  the  collector  plane  as  follows  [9]: 


where  Qc  is  the  rate  of  heat  transfer  to  a  working  fluid  in  the  solar 
collector,  and  Qs  the  solar  energy  absorbed  by  the  solar  collector 
surface,  as  given  below: 


Qs  =  It(toc)Ac 


where  IT  is  the  rate  of  incidence  of  radiation  per  unit  area  of  the 
tilted  collector  surface,  Ac  the  collector  area,  and  t a  the  effective 
product  transmittance-absorptance.  Value  of  zoc  represents  the 
fraction  of  the  solar  radiation  absorbed  by  the  collectors  and 
depends  mainly  on  the  transmittance  of  the  transparent  covers 
and  on  the  absorbance  of  the  absorbent.  The  effective  product 
transmittance-absorptance  can  be  evaluated  using 

(™)=T ^=a)Pc  0) 

Eq.  (1 )  gives  the  results  of  a  first  law  analysis  of  flat  plate  solar 
collectors  because  all  energy  fluxes  are  treated  equally,  regardless 
of  their  potential  usefulness.  The  absorption  heat-transfer  rate  by 
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the  solar  collectors,  Qc,  can  be  estimated  from 

Qc  =  rhaCpa  (T^out-Tajn)  (4) 


5.  Surface  enhancement  techniques 

Efficiency  of  SAHs  is  still  low  to  produce  enough  thermal 
energy.  Thus,  some  active  and  passive  heat  transfer  enhancement 
techniques  are  applied  to  SAHs.  Alvarez  et  al.  [10],  studied  on  the 
thermal  performance  of  an  air  solar  collector  with  an  absorber 
plate  made  of  recyclable  aluminum  cans.  The  absorber  surface, 
which  is  the  most  important  part  of  the  solar  air  collector, 
consisted  of  eight  circular  cross  sections  air  flow  channels  made 
of  128  Recyclable  Aluminum  Cans  (RACs)  painted  in  black.  Their 
results  showed  that  the  efficiency  increase  of  air  solar  collector 
using  recyclable  aluminum  cans  was  technically  and  economic¬ 
ally  feasible  if  an  adequate  design  was  applied  (Fig.  2)  while  a 
comparison  of  thermal  efficiencies  given  by  various  authors  is 
illustrated  in  Fig.  3  as  given  Ref.  [10].  From  this  figure,  the  RAC  air 
solar  collector  shows  an  intercept  increase  of  26.2%. 

A  novel  solar  air  collector  of  pin-fin  integrated  absorber  was 
designed  by  Peng  et  al.  [11]  to  increase  the  thermal  efficiency. 
Through  analyzing  the  experimental  results,  the  heat  transfer 
coefficients  on  pin-fin  arrays  collectors  and  flat-plate  collector 
were  obtained  under  an  air  volume  flow  rate  of  19  m3/h  and  a 


Fig.  3.  Comparison  between  the  thermal  efficiency  of  the  RAC  air  solar  collector 
and  the  reported  ones  [10]. 


heat  transfer  coefficient  of  PZ3-11.25  pin-fins  collector  can  reach 
three  times  than  that  of  the  flat-plate  collector,  as  illustrated  in 
Fig.  4.  From  Ref.  [11] 

An  equation  for  this  type  of  collector  is  given  as 
NU  =  C  Ren  Prm  (5) 

Fig.  4  also  makes  a  comparison  between  pin-fin  and  flat-plate 
collectors  [11].  Garg  et  al.  [12]  investigated  the  effect  of  the 
rectangular  ducts  through  which  air  flows  in  SAHs  on  the  air 
heater  performance  for  laminar,  transitional  and  turbulent  flows. 
Caner  et  al.  [13]  compared  the  two  types  of  solar  air  collectors 
(Zigzagged  absorber  surface  and  Flat  absorber  surface)  and  from 
their  performance  point  of  view.  They  used  artificial  neural  network 
model  to  estimate  the  thermal  performances  of  solar  air  collec¬ 
tors.  As  seen  from  Fig.  5,  they  constructed  two  different  solar  air 
collectors  using  same  properties  of  materials.  They  called  these 
models  as  absorbing  surface  model  (Fig.  5(a))  and  straight  surface 
model  (Fig.  5(b))  [13]. 

Esen  [14]  presented  a  paper  on  energy  and  exergy  analysis  for 
a  novel  flat  plate  solar  air  collector  with  or  without  obstacles.  The 
main  aim  of  his  study  was  to  enhance  the  performance  of  solar  air 
collector  by  enhancing  heat  transfer  surface.  They  found  that  the 
largest  irreversibility  occurred  at  the  flat  plate  (without  obstacles) 
collector  in  which  collector  efficiency  was  smallest.  Some  pictures 
of  these  collectors  are  shown  in  Fig.  6(a)-(d)  at  Ref.  [14]. 

The  chevron  pattern  of  fold  structure  produced  using  a 
recently  developed  continuous  folding  technique  was  considered 
for  the  first  time  in  the  application  of  solar  air  collectors  by 
El-Sawi  et  al.  [15].  The  chevron  pattern  was  found  to  have  higher 
performance,  reaching  up  to  20%  improvement  in  thermal  effi¬ 
ciency  and  an  increase  of  10  °C  in  outlet  temperature  at  some 
ranges  of  mass  flow  rates.  They  designed  two  collector  frames  and 
manufactured  to  test  both  absorber  plate  configurations  simulta¬ 
neously  to  assure  identical  climate  conditions  at  the  time  of  the 
test  as  given  in  Fig.  7  from  [15].  The  effect  of  the  mass  flow  rate 
on  the  outlet  temperature  as  well  as  the  efficiency  of  the  solar 
collector  is  presented  in  Fig.  8  from  [15].  As  seen  in  the  figure,  the 
outlet  temperature  tended  to  decrease  as  the  mass  flow  rate 
increased,  where  it  was  evident  that  the  efficiency  of  the  two 
collectors  increased  at  slowing  rate. 

Ucar  and  Inalli  [16]  made  an  experimental  work  to  enhance 
heat  transfer  by  inserting  short  plates  inside  to  the  SAH.  They 
indicated  that  one  of  the  main  disadvantages  of  solar  air  collec¬ 
tors  in  practical  applications  was  their  relatively  low  efficiency.  In 
their  experimental  investigation,  the  shape  and  arrangement  of 
absorber  surfaces  of  the  collectors  were  reorganized  to  provide 
better  heat  transfer  surfaces  suitable  for  the  passive  heat  transfer 


Fig.  4.  Calculated  efficiencies  of  pin-fin  and  flat-plate  collectors  by  Peng  et  al.  [11]. 
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Fig.  6.  Four  types  of  plates  in  solar  air  heater  (a)  type  I,  (b)  type  II,  (c)  type  III,  and  (d)  type  IV  [14]. 


Fig.  7.  Schematic  of  two  types  of  collectors:  (a)  flat  plate  and  (b)  chevron  plate  [15]. 
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augmentation  techniques.  It  was  found  that  the  largest  irreversi¬ 
bility  occurred  at  the  conventional  solar  collector  in  which  collector 
efficiency  was  smallest.  Their  models  are  shown  in  Fig.  9  from  [16]. 

Karsli  [9]  studied  the  performance  analysis  of  four  types 
(Fig.  10)  of  air  heating  flat  plate  solar  collectors:  a  finned  collector 
with  an  angle  of  75°,  a  finned  collector  with  an  angle  of  70°,  a 
collector  with  tubes,  and  a  base  collector.  In  his  study,  the  first 


Fig.  8.  Outlet  temperature  and  efficiency  vs.  mass  flow  rate  at  Ti  =  42  °C,  Ta  =  38  °C 
from  Ref.  [15]. 


and  second  laws  of  efficiencies  were  determined  for  the  collectors 
and  comparisons  were  made  among  them.  They  made  a  compar¬ 
ison  of  the  collectors  on  the  basis  of  first  law  and  second  law 
efficiencies  in  Fig.  11(a)  and  (b)  from  Ref.  [9].  It  was  observed  that 
the  first  law  of  efficiency  changed  between  26%  and  80%  for 
collector-I,  between  26%  and  42%  for  collector-II,  between  70% 
and  60%  for  collector-III,  and  between  26%  and  64%  for  collector- 
IV.  The  highest  collector  efficiency  and  air  temperature  rise  were 
achieved  by  the  finned  collector  with  angle  of  75°,  whereas  the 
lowest  values  were  obtained  for  the  base  collector. 

Karim  and  Hawlader  [17]  studied  on  performance  of  v-groove 
solar  air  collector  for  drying  applications,  as  shown  in  Fig.  12(a) 
and  (b).  Experimental  results  indicated  better  thermal  efficiencies 
for  a  v-corrugated  collector  compared  to  a  flat  plate  collector. 
Effects  of  operating  variables  on  the  thermal  performance  were 
c  investigated.  The  results  showed  that  the  temperature  of  the  fluid 

3  at  the  exit  of  the  collector  decreased  with  flow  rate  resulting  in  an 

5-  increase  of  efficiency  due  to  the  decreased  thermal  losses  to  the 
environment. 

Experimental  and  analytical  results  indicated  a  good  thermal 
performance  of  a  v-groove  collector.  Satisfactory  qualitative  and 
quantitative  agreement  between  experimental  and  analytical 
results  was  achieved. 

Moummi  et  al.  [18]  carried  out  a  work  to  improve  the  thermal 
performances  of  the  solar  air  collector  for  some  applications. 
Their  configuration  is  presented  in  Fig.  13  as  given  in  Ref.  [18]. 
Initially,  to  improve  the  efficiency  factor  of  these  solar  collectors, 
they  created  an  increasingly  turbulent  flow  between  the  absorber 
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Fig.  10.  Experimental  setup  [9]. 


a 


Fig.  11.  Comparison  of  collectors  on  the  basis  of  (a)  first  and  (b)  second  law 
efficiencies  [9]. 


and  the  back  wooden  plate.  For  that,  they  used  obstacles  of 
various  forms.  In  this  study,  they  utilized  rectangular  plate  fins 
inserted  perpendicular  to  the  flow.  The  results  were  compared 
with  those  obtained  with  a  solar  air  collector  without  fins,  using 
two  types  of  absorbers  selective  (in  copper  sun)  or  not  selective 
(black-painted  aluminum).  In  Fig.  14,  volumetric  flow  rate  was 
fixed  at  35  m3/h  m2,  the  enhancement  of  the  efficiency  was  30% 
for  a  collector  provided  with  a  selective  absorber  plate  and  29% 
for  a  collector  with  a  nonselective  absorber  plate  [18]. 

Lalji  et  al.  [19]  made  experimental  work  for  generation  of  heat 
transfer  and  friction  data  for  flow  in  a  packed  bed  solar  air  heater 
at  different  mass  flow  rates  of  air  for  various  porosities  and 
shapes  of  matrices.  On  the  basis  of  this  investigation  on  heat 
transfer  characteristics  in  packed  bed  solar  air  duct,  it  is  con¬ 
cluded  that  the  packed  bed  solar  air  heater  having  lower  porosity 
performs  better  than  higher  porosity  due  to  greater  turbulence. 

Objective  of  this  paper  is  to  review  various  studies,  in  which 
different  artificial  roughness  elements  are  used  to  enhance  the 
heat  transfer  coefficient  with  little  penalty  of  friction  factor  [20]. 
On  the  basis  of  correlations  developed  by  various  investigators  for 
heat  transfer  coefficient  and  friction  factor,  an  attempt  has  been 
made  to  compare  the  thermohydraulic  performance  of  roughened 
solar  air  heater  ducts. 

Sethi  et  al.  [21]  investigated  experimental  correlations  for 
solar  air  heater  duct  with  dimpled  shape  roughness  elements  on 
absorber  plate.  This  study  has  been  carried  out  for  a  range  of 
system  and  operating  parameters  in  order  to  analyse  the  effect  of 
artificial  roughness  on  heat  transfer  and  friction  characteristics  in 
solar  air  heater  duct  which  is  having  dimple  shaped  elements 
arranged  in  angular  fashion  (arc)  as  roughness  elements  on 
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Fig.  13.  (a)  Detail  in  air  channel  duct  and  (b)  collector  with  finned  system  on  the  back  wooden  plate  [18]. 
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Fig.  14.  Collector  efficiency  factor  vs.  the  air  volume  flow  rate  for  different  configurations  of  collectors  [18]. 


absorber  plate.  The  experimental  data  have  been  used  to  develop 
Nusselt  number  and  friction  factor  correlations  as  a  function  of 
roughness  parameters  and  operating  parameters. 

Karim  and  Hawlader  [22]  made  an  experimental  study  of  three 
types  of  solar  air  collectors,  namely  flat  plate,  finned  and  v-cor- 
rugated,  towards  achieving  an  efficient  design  of  air  collector 
suitable  for  a  solar  dryer  as  given  in  Fig.  15.  The  v-corrugated 
collector  was  found  to  be  the  most  efficient  collector  and  the  flat 


plate  collector  the  least  efficient.  Double  pass  operation  of  the 
collector  resulted  in  further  improvement  of  the  efficiency  com¬ 
pared  to  the  single  pass  of  operation.  The  improvement  in 
efficiency  for  the  double  pass  mode  was  most  significant  in 
the  flat  plate  collector  and  least  in  the  v-groove  collector.  The 
optimum  operating  conditions  with  respect  to  efficiency  and  the 
outlet  temperature  were  determined  for  all  three  collectors  given 
in  Table  1  as  given  in  Ref.  [17].  The  results  indicated  that  for 
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Fig.  15.  Collector  frame  and  three  type  of  absorbers:  (a)  cross  sectional  view,  (b)  finned  absorber,  and  (c)  flat  plate  absorber  [22]. 


Table  1 

Optimum  conditions  of  three  collectors  studied  by  Karim  and  Hawlader  [17]. 


Collector  type 

Flow  rate  (kg/m2  s) 

Outlet  temperature  (°C) 

Efficiency  (%) 

V-Groove 

0.031 

53 

68.5 

Finned 

0.029 

50 

65.0 

Flat  plate 

0.030 

48 

62.0 

drying  purposes,  the  designed  air  flow  rate  would  be  in  the  range 
of  about  0.025-0.035  kg/m2  s.  This  range  of  flow  rate  gave  an 
outlet  temperature  suitable  for  most  agricultural  drying  applications, 
and  the  corresponding  efficiency  was  considered  reasonable.  Studies 
on  heat  transfer  enhancement  techniques  can  be  found  in  Mittal  and 
Varshney  [23],  who  investigated  the  performance  of  SAHs  theoreti¬ 
cally  while  Hans  et  al.  [24]  analyzed  the  solar  air  collectors,  which 
included  v-shaped  bars  for  8  different  types.  They  also  developed  a 
correlation  between  heat  transfer  and  friction  factor.  Other  studies 
related  with  heat  transfer  enhancement  techniques  in  solar  air 
collectors  can  be  found  in  Refs.  [25-80]. 

As  indicated  above  that  drying  process  is  the  most  application 
area  for  solar  air  collectors.  For  some  products,  solar  air  collectors 
may  be  a  single  heat  source  or  may  assist  in  the  drying  process,  as 
reported  in  Refs.  [22,81-87]. 

6.  Double  pass  solar  collectors 

Double  pass  counter  flow  solar  air  collector  with  porous 
material  in  the  second  air  passage  is  one  of  the  important  and 
attractive  design  improvements  that  have  been  proposed  to 
improve  the  thermal  performance  [88].  In  this  context,  effects  of 
various  parameters  on  the  thermal  performance  and  pressure 
drop  characteristics  were  discussed  by  Ramani  et  al.  [88].  Their 
model  is  plotted  in  Fig.  16  [88].  They  made  both  experimental  and 
theoretical  analysis.  Comparison  of  the  results  indicated  that  the 
thermal  efficiency  of  double  pass  solar  air  collector  with  porous 
absorbing  material  was  20-25%  and  30-35%  higher  than  that  of 
double  pass  solar  air  collector  without  porous  absorbing  material 
and  single  pass  collector  respectively. 

It  was  reported  that  the  thermal  efficiency  of  double  pass  solar 
air  collector  with  porous  material  was  higher  than  that  of  double 
pass  solar  air  collector  without  porous  material  and  conventional 
single  pass  collector.  As  a  similar  study,  evaluation  of  thermal 
efficiency  of  double-pass  solar  air  collector  with  porous-nonporous 
media  was  made  by  Sopian  et  al.  [89].  The  addition  of  the  porous 
media  in  the  second  channel  of  the  double-pass  solar  air  collector 
increased  the  performance  of  the  collector.  This  type  of  collector 
had  a  higher  thermal  performance  compared  to  the  conventional 
single-pass  solar  collector. 


Ho  et  al.  [90]  studied  the  collector  efficiency  of  upward-type 
double-pass  flat  plate  SAHs  with  fins  attached  and  external  recycle 
was  investigated  theoretically,  as  shown  in  Figs.  17  and  18  [90]. 
The  double-pass  device  was  constructed  by  inserting  the  absorbing 
plate  into  the  air  conduit  to  divide  it  into  two  channels.  The 
double-pass  device  introduced  here  was  designed  for  creating 
a  solar  collector  with  heat  transfer  area  double  as  well  as  the 
extended  area  of  fins  between  the  absorbing  plate  and  heated  air. 
The  double-pass  type  SAHs  was  proposed  in  their  study.  They  had 
the  extended  heat  transfer  area  and  the  strengthened  convective 
heat  transfer  coefficient,  leading  to  improved  thermal  performance 
on  the  new  device.  It  was  shown  that  the  desirable  effect  of 
increasing  the  fluid  velocity  using  the  recycling  operation  to 
overcome  the  undesirable  driving  force  decreased  (temperature 
difference)  for  heat  transfer  due  to  remixing  at  the  inlet.  Yeh  and 
Ho  [91]  made  another  theoretical  work  on  downward- type  SAHs 
with  internal  recycle.  They  indicated  that  the  performance  in  a  SAH 
operated  with  internal  recycle  overcame  that  in  the  same  size 
device  operated  with  external  recycle  [92].  Effect  of  collector 
aspect  ratio  on  the  collector  efficiency  of  upward  type  baffled 
SAHs  was  investigated  by  Yeh  et  al.  [93].  In  this  case,  although 
the  collector  efficiency  of  baffled  SAHs  was  larger  than  that  of 
flat  plate  heaters  without  fins  and  baffles,  the  improvement  of 
collector  efficiency  by  increasing  the  collector  aspect  ratio  was 
reverse. 

The  double  pass-finned  plate  SAH  was  investigated  theoreti¬ 
cally  and  experimentally  by  El-Sebaii  et  al.  [94].  Comparisons 
between  the  measured  outlet  temperatures  of  flowing  air,  tem¬ 
perature  of  the  absorber  plate  and  output  power  of  the  double 
pass-finned  and  v-corrugated  plate  SAHs  were  presented.  The 
effect  of  mass  flow  rates  of  air  on  pressure  drop,  thermal  and 
thermohydraulic  efficiencies  of  the  double  pass  finned  and 
v-corrugated  plate  SAHs  were  also  investigated.  The  results 
showed  that  the  double  pass  v-corrugated  plate  SAH  was  9.3- 
11.9%  more  efficient  compared  to  the  double  pass-finned  plate 
SAH.  It  was  also  indicated  that  the  peak  values  of  the  thermo¬ 
hydraulic  efficiencies  of  the  double  pass-finned  and  v-corrugated 
plate  SAHs  were  obtained  when  the  mass  flow  rates  of  the  flowing 
air  equal  0.0125  and  0.0225  kg/s,  respectively.  As  seen  in  Fig.  19 
[91],  the  thermal  efficiencies  of  DPFIPSAH  and  DPVCPSAH  were  58% 
and  65.3%,  respectively. 

The  thermal  performance  of  a  double-glass  double-pass  SAH 
with  a  packed  bed  (DPSAHPB)  above  the  heater  absorber  plate 
was  investigated  experimentally  and  theoretically  by  Ramadan 
et  al.  [95].  Limestone  and  gravel  were  used  as  packed  bed 
materials.  It  was  inferred  that  for  increasing  the  outlet  tempera¬ 
ture  Tfi0  of  the  flowing  air  after  sunset,  it  was  advisable  to  use  the 
packed  bed  materials  with  higher  masses  and  therefore  with 
low  porosities.  The  thermohydraulic  efficiency  riTH  was  found  to 
increase  with  increasing  rhf  until  a  typical  value  of  0.05  kg/s 
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Fig.  16.  Double  pass  arrangement:  (a)  without  porous  material  and  (b)  with  porous  material  [88]. 


Air  in 


rn  0 

lfd 


TfJ 


(R+l)m 


f'O 


V, 

A 


+ 


Glass  cover 


In  (insolation) 


* 


Glass  cover 


H 


Tp  Absorbing  plate 


m 


7.0 


Recycling  channel 


Rm 


Z  =  ®  Insulation  Z  =  L 


Air  out 


Fig.  17.  Schematic  diagram  of  a  solar  air  heater  [90]. 


beyond  which  the  increase  in  rjTH  becomes  insignificant.  It  was 
recommended  to  operate  the  system  with  packed  bed  with  values 
of  rrif  equal  0.05  kg/s  or  lower  to  have  a  lower  pressure  drop 


Time  of  day 

Fig.  19.  Effect  of  mass  flow  rates  of  air  rn  on  the  thermal  efficiency  of  the  double 
pass-finned  (DPFIPSAH)  and  v-corrugated  (DPVCPSAH)  plate  solar  air  heaters  on  a 
typical  day  of  July  2009  [94]. 


across  the  system.  To  validate  the  proposed  mathematical  model, 
based  on  comparisons  between  experimental  and  theoretical 
results,  a  good  agreement  was  achieved.  Fig.  20  shows  variations 
of  the  thermohydraulic  efficiency  versus  flow  rate  for  the  system 
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Fig.  20.  Effect  of  mass  flow  rate  of  air  rdf  on  the  thermohydraulic  efficiency  pTH 
without  and  with  50  kg  limestone  and  gravel  [95]. 
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Fig.  21.  Schematic  diagram  of  the  air  solar  collector  [96]. 


without  and  with  gravel  and  limestone  as  packed  bed  [95].  As 
seen  in  the  figure,  the  efficiency  was  strongly  related  with 
flow  rate. 

El-Sebaii  et  al.  [96]  studied  the  double  pass  flat  and  v-corru- 
gated  plate  SAHs  theoretically  and  experimentally.  Experimental 
set-up  is  presented  in  Fig.  21  from  Ref.  [96].  Comparisons 
between  the  measured  outlet  temperatures  of  flowing  air,  output 
power  and  overall  heat  losses  of  the  flat  and  v-corrugated  plate 
SAHs  were  presented.  The  effect  of  mass  flow  rates  of  air 
on  pressure  drop,  thermal  and  thermo-hydraulic  efficiencies 
of  the  flat  and  v-corrugated  plate  SAHs  were  also  investigated. 
The  results  showed  that  the  double  pass  v-corrugated  plate  SAH 
was  11-14%  more  efficient  compared  to  the  double  pass  flat 
plate  SAH.  It  was  indicated  that  the  peak  values  of  the  thermo¬ 
hydraulic  efficiencies  of  the  flat  and  v-corrugated  plate  SAHs  were 
obtained  when  the  mass  flow  rate  of  the  flowing  air  was  0.02  kg/s. 
As  given  in  their  earlier  study  [96],  the  thermo-hydraulic  effi¬ 
ciency  of  the  DPVCPSAH  was  14%  higher  than  that  of  the 
DPFPSAH. 


a  b 


c 


d 


1  * 

t  II 

k 

% 

h 

t  m 

u 

X 

% 

\ 

#  1 

!  f 

\ 

Fig.  22.  Schematic  views  of  absorber  plates:  (a)  with  the  triangular  type  obstacles, 
(b)  with  leaf  type  obtacles,  (c)  with  rectangular  type  obstacles,  and  (d)  without 
obstacles  [97]. 


Akpinar  and  Kofyigit  [97]  experimentally  investigated  the  perfor¬ 
mance  analysis  of  a  new  flat-plate  SAH  with  several  obstacles 
(Types  I— III)  and  without  obstacles  (Type  IV)  as  given  in  Fig.  22  as 
given  in  Ref.  [97].  Experiments  were  performed  for  two  air  mass 
flow  rates  of  0.0074  and  0.0052  kg/s.  The  first  and  second  laws 
of  efficiencies  were  determined  for  SAHs  and  comparisons  were 
made  among  them.  The  values  of  first  law  efficiency  varied  between 
20%  and  82%.  The  values  of  second  law  efficiency  changed  from 
8.32%  to  44.00%.  The  highest  efficiency  were  determined  for  the 
SAH  with  Type  II  absorbent  plate  in  flow  channel  duct  for  all 
operating  conditions,  whereas  the  lowest  values  were  obtained  for 
the  SAH  without  obstacles  (Type  IV). 

Chamoli  et  al.  [98]  studies  include  the  design  of  double  pass 
solar  air  heater,  heat  transfer  enhancement,  flow  phenomenon 
and  pressure  drop  in  duct.  This  paper  presents  an  extensive  study 
of  the  research  carried  out  on  double  pass  solar  air  heater.  Based 
on  the  literature  review,  it  is  concluded  that  most  of  the  studies 
carried  out  on  double  pass  solar  air  heater  integrated  with  porous 
media  and  extended  surfaces.  Mathematical  models  based  on 
energy  analysis  of  some  configurations  of  solar  air  heater  have 
been  discussed. 


7.  Computational  studies  on  solar  air  collectors 

Computational  Fluid  Dynamics  (CFD)  is  an  effective  tool  to 
obtain  heat  transfer,  flow  field  and  temperature  distribution  in  an 
energy  system.  It  can  also  be  used  to  simulate  air  flows  inside  the 
solar  air  collectors. 
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Layek  et  al.  [99]  analyzed  the  effect  of  chamfering  on  heat 
transfer  and  friction  characteristics  of  SAH  having  absorber  plate 
roughened  with  compound  turbulators  as  shown  in  Fig.  23  from 
Ref.  [100].  These  boundary  conditions  corresponded  closely  to 
those  found  in  SAHs.  Six  roughened  plates  were  tested  by  placing 
a  60°  V-groove  at  the  center  line  in  between  two  consecutive 
chamfered  ribs.  The  ribs’  top  were  chamfered  having  chamfer 
angles  of  5°,  12°,  15°,  18°,  22°  and  30°,  while  relative  roughness 
pitch  (P/e)  and  relative  roughness  height  (e/D/i)  of  the  ribs  were 
kept  constant  having  values  of  10  and  0.03  respectively.  The  flow 
Reynolds  number  of  the  duct  varied  in  the  range  of  approximately 
3000-21,000,  most  suitable  for  SAH.  The  effects  of  chamfer  angle 
on  Nusselt  number  and  friction  factor  were  discussed  and  the 
results  were  compared  with  the  square  rib-grooved  and  smooth 
duct  under  similar  flow  conditions  to  investigate  the  enhance¬ 
ment  in  Nusselt  number  and  friction  factor.  The  conditions  for  the 
maximum  enhancement  of  Nusselt  number  and  friction  factor 


Reynolds  Number  (Re) 

Fig.  25.  Thermo-hydraulic  performance  parameter  as  a  function  of  Reynolds 
number  [99]. 


Fig.  23.  Roughness  geometry  [99]. 


Fig.  24.  (a)  square  rib,  (b)  chamfer  12°,  (c)  chamfer  18°,  and  (d)  chamfer  30°  [99]. 


were  determined.  It  was  found  that  the  thermo-hydraulic  perfor¬ 
mance  of  the  SAH  provided  with  such  roughness  was  consider¬ 
ably  enhanced.  Fig.  24  illustrates  the  streamlines  for  different 
geometries  while  thermohydraulic  performance  (Eq.  (6))  for 
different  Reynolds  numbers  is  indicated  in  Fig.  25  as  in  Ref.  [99]. 
It  was  found  that  the  value  of  performance  parameter  increased 
with  increase  in  Reynolds  number  and  the  rate  of  increase  of  the 
performance  parameter  was  very  sharp  for  the  values  of  Reynolds 
number  below  of  about  8000. 


(Nu /Nus) 

( f/fs ) 


Saim  et  al.  [100]  presented  a  computational  analysis  on  the 
turbulent  flow  and  heat  transfer  in  solar  air  collector  with 
rectangular  plate  fins  absorber  and  baffles,  which  were  arranged 
on  the  bottom  and  top  channel  walls  in  a  periodically  staggered 
way.  Their  model  is  given  in  Fig.  26.  They  made  a  numerical 
analysis  using  finite  volume  methods.  They  used  low  Reynolds 
number  k-s  model  as  turbulence  model.  The  velocity  and  pres¬ 
sure  terms  of  momentum  equations  are  solved  by  the  SIMPLE 
algorithm.  They  found  that  increasing  the  Reynolds  number  will 
increase  the  efficiency  of  the  solar  panel  which  is  an  expected 
result. 

Fig.  26  presents  the  upward  type  SAH  under  consideration. 
The  physical  domain  was  between  two  parallel  plates  [100].  The 
outer  surface  of  the  top  wall  of  the  channel  was  uniformly 
heated  while  the  outer  surface  of  the  bottom  wall  was  thermally 
insulated. 

The  temperature  contours  in  the  solar  collector  with  baffles 
and  fins  are  plotted  in  Fig.  27  as  given  in  Ref.  [100].  The  plot 
shows  that  the  fluid  temperature  in  the  vortex  region  was 
significantly  high  as  compared  to  that  in  the  same  region  of  no 
baffle  region.  In  the  region  downstream  of  the  two  baffles, 
recirculation  cells  with  low  temperature  were  observed.  In  the 
regions  between  the  tip  of  the  fins  and  the  channel  wall,  the 
temperature  increased.  Due  to  the  changes  in  the  flow  direction 
produced  by  the  presence  of  the  singularity  of  obstacles,  the 
highest  temperature  value  appeared  behind  the  lower  channel 
wall  with  an  acceleration  process  that  starts  just  after  the  first  fin 
and  the  second  baffle. 

Ammari  [101]  developed  a  mathematical  model  for  computing 
the  thermal  performance  of  a  single  pass  flat-plate  solar  air 
collector.  The  influence  of  the  addition  of  the  metal  slats  on  the 
efficiency  of  the  solar  collector  was  studied.  The  effects  of  volume 
air  flow  rate,  collector  length,  and  spacing  between  the  absorber 
and  bottom  plates  on  the  thermal  performance  of  the  present  SAH 
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Fig.  27.  Temperature  (K)  distribution  in  the  solar  collector  (m  =  20  kg/h,  L/B  =  3/2,  10  =  1043  W/m2,  ft  =  16  cm)  [100]. 
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Fig.  28.  Comparison  of  efficiency  between  present  and  commonn  type  solar  air  heaters  [101]. 


were  investigated.  Furthermore,  a  numerical  comparison  of  the 
present  design  with  the  most  common  type  of  SAHs  was  con¬ 
ducted.  The  results  of  the  comparison  indicated  that  better 
thermal  performance  was  obtained  by  the  modified  system,  as 
given  in  Fig.  28  as  shown  in  Ref.  [101]  Karmare  [114]  made  a 
computational  analysis  of  different  types  of  solar  collectors. 


8.  Energy  and  exergy  analysis  of  solar  air  collectors 

8.2.  Energy  analysis 

The  theoretical  model  employed  for  the  study  of  the  solar 
collector  that  operates  in  unsteady  state  is  made  using  a  thermal 


100 

90 

80 

70 

^  60 
£  50 

^  40 

30 
20 
10 
0 


AUTHORS 


Fig.  29.  Variation  of  energy  efficiency  by  various  investigators. 


Table  2 

List  of  some  earlier  works. 


Authors 

Method 

Flow 

Glass 

Flow  rate 

Dimensions 

(L,  B)  (m) 

System 

Esen  [14] 

E 

Double  pass 

Single  glass 

0.015  kg/s 

1.25 

Experimental  energy  and 

flow 

cover 

0.02  kg/s 
0.025  kg/s 

0.8 

exergy  analysis  of  a 
double-flow  solar  air 
heater  having  different 
obstacles  on  absorber 
plates 

Yeh  and  Ho 

T 

Single 

Single  glass 

0.01  kg/s 

0.6 

Effect  of  external  recycle 

[92] 

(recycle) 

cover 

on  the  performance  of  flat- 

pass  flow 

0.015  kg/s 
0.02  kg/s 

0.6 

plate  solar  air  heaters  with 
internal  fins  attached 

Yeh  and  Ho 

T 

Single  pass 

Double 

0.01  kg/s 

0.6 

Downward-type  solar  air 

[91] 

flow 

glass  cover 

0.015  kg/s 
0.02  kg/s 

0.6 

heaters  with  internal 
recycle 

Yeh  et  al. 

T 

Single  pass 

Double 

- 

L 

6 

Effect  of  collector  aspect 

[93] 

flow 

glass  cover 

1.8 

0.3 

ratio  on  the  collector 
efficiency  of  upward  type 
baffled  solar  air  heaters 

0.9 

0.6 

0.6 

0.9 

0.3 

1.8 

El-Sabii  and 

T 

Single  pass 

Double 

0.00117  kg/s 

1 

Effect  of  selective  coating 

Al-Snani 

flow 

glass  cover 

on  thermal  performance  of 

[94] 

0.005  kg/s 

1 

flat  plate  solar  air  heaters 

Ramadan 

E-T 

Double 

Double 

0.0105 

1 

Thermal  performance  of  a 

et  al.  [95] 

(countrary) 

pass  flow 

packed  bed  double-pass 

pass  flow 

0.02 

0.04...  0.0.14 

1 

solar  air  heater 

Akpinar  and  E  Single  pass  Single  glass  0.0074  kg/s  1.2  Experimental  investigation 


Kofyigit 

flow 

cover 

of  thermal  performance  of 

[97] 

solar  air  heater  having 

different  obstacles  on 

absorber  plates 

0.0052  kg/s 


0.7 


NJ 


Remarks 


Test  results  always  yield  higher  efficiency  values  for  Type  III  than  for  Type  tj  =  65,  State  II,  Type 
I  (without  obstacles)  flat  plate  collector.  The  obstacles  ensure  a  good  air  III,  0.025  kg/s 
flow  over  and  under  the  absorber  plates,  create  the  turbulence,  and 
reduce  the  dead  zones  in  the  collector. 


It  is  found  that  considerable  improvement  in  collector  efficiency  is  tj  =  61.11,  T=  288  K, 

obtainable  if  the  operation  is  carried  out  with  an  external  recycle,  where  R= 5,  m  =0.02 
the  desirable  effect  overcomes  the  undesirable  effect.  The  enhancement 
increases  with  increasing  reflux  ratio,  especially  for  operating  at  lower  air 
flow  rate  with  higher  inlet  air  temperature. 


It  is  found  that  considerable  improvement  in  collector  efficiency  is  t]  =62,  Tfi= 298  K, 

obtainable  if  the  operation  is  carried  out  with  an  internal  recycle,  where  rh  =0.02 

the  desirable  effect  of  increasing  fluid  velocity  to  decrease  the  heat 

transfer  resistance  compensates  for  the  undesirable  effect  of  decreasing 

the  driving  force  (temperature  difference)  of  heat  transfer,  due  to  the 

remixing  effect  at  the  inlet  by  recycle  operation 


It  is  obtained  same  results  with  flat  plate  solar  air  heaters  without  fins  tj  =68,  1=  1.8  for 

and  baffles.  Although  the  collector  efficiency  of  baffled  solar  air  heaters  is  6  =  0.3 

larger  than  that  of  flat  plate  heaters  without  fins  and  baffles,  the 

improvement  of  collector  efficiency  by  increasing  the  collector  aspect 

ratio  is  the  reverse. 


To  improve  the  heater  performance,  effect  of  using  absorber  plates  coated  t]  =48,  Ni-Sn  for 
with  various  selective  coating  materials  on  the  heater  performance  was  0.005  kg/s 
also  investigated.  The  best  performance  was  achieved  using  nickel-tin  as 
a  selective  coating  material  with  a  daily  average  of  the  instantaneous 
efficiency  of  0.46. 


Limestone  and  gravel  were  used  as  packed  bed  materials.  The  thermo- 
hydraulic  efficiency  rfTH  was  found  to  increase  with  increasing  rhf  until  a 
typical  value  of  0.05  kg/s  beyond  which  the  increase  in  riTH  becomes 
insignificant.  To  validate  the  proposed  mathematical  model,  comparisons 
between  experimental  and  theoretical  results  showed  that  good 
agreement  was  achieved. 


The  daily  average 
values  of  rjTH  are 
obtained  as  57.2% 
with  gravel 


The  optimal  value  of  efficiency  was  determined  for  the  solar  air  heater  Type  II,  0.074  kg/s, 
with  Type  II  absorbent  plate  in  flow  channel  duct  for  all  operating  tj=82 

conditions  and  the  collector  supplied  with  obstacles  appears  significantly 
better  than  that  without  obstacles 


*7n  (%) 


t]  =  60.97, 

State  II, 
Type  III, 
0.025  kg/s 
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Ammari 

T 

Single  pass 

Single  glass 

12.5  L/s 

6 

A  mathematical  model  of 

[101] 

flow 

cover 

125  L/s 

1 

thermal  performance  of  a 
solar  air  heater  with  slats 

Alta  et  al. 

E 

Single  pass 

Doubleand 

25  •••5 

0.63 

Experimental  investigation 

[107] 

flow 

single  glass 

m3/m2h 

of  three  different  solar  air 

cover 

0-100 

0.315 

heaters:  Energy  and  exergy 
analyses 

El-Sabii  et  al. 

E-T 

Double  pass 

Double 

0-0.06 

Thermal  performance 

[109] 

flow 

glass  cover 

investigation  of  double 
pass-finned  plate  solar  air 
heater 

El-Sabii  et  al. 

E-T 

Double  pass 

Double 

0-0.06 

Investigation  of  thermal 

[110] 

flow 

glass  cover 

performance  of-double 
pass-flat  and  v-corrugated 
plate  solar  air  heaters 

Gao  et  al. 

E-T 

Single  pass 

Single  glass 

0.1  kg/m2  s 

2 

Analytical  and 

[Ill] 

flow 

cover 

1 

2.4 

experimental  studies  on 
the  thermal  performance 
of  cross-corrugated  and 
flat-plate  solar  air  heaters 

Naphon 

T 

Double  pass 

Single  glass 

Max.  0.1  kg/s 

Effect  of  porous  media  on 

[112[ 

flow 

cover 

the  performance  of  the 

(counter) 

1.2 

double-pass  flat  plate  solar 
air  heater 

Ozgen  et  al. 

E 

Double  pass 

Single  glass 

0.03  kg/s 

Experimental  investigation 

[113] 

flow 

cover 

of  thermal  performance  of 
a  double-flow  solar  air 
heater  having  aluminum 

cans 

0.05  kg/s 

Akpinar  and 

E 

Single  pass 

Single  glass 

0.0074  kg/s 

1.20  m 

Energy  and  exergy  analysis 

Kofyigit 

flow 

cover 

of  a  new  flat-plate  solar  air 

[115] 

0.0052  kg/s 

0.7  m 

heater  having  different 
obstacles  on  absorber 
plates 

Omojaro  and 

E 

Single  and 

Single  glass 

0.012  kg/s 

1.5  m 

Experimental  performance 

Aldabbagh 

double  pass 

cover 

of  single  and  double  pass 

[116] 

flow 

0.038  kg/s 

1  m 

solar  air  heater  with  fins 
and  steel  wire  mesh  as 
absorber 

Assari  et  al. 

E-T 

Single  pass 

Single  glass 

Between  0.02 

1.94 

Experimental  and 

[117] 

flow 

cover 

and  0.14  kg/s 

0.94 

theoretical  investigation  of 
a  dual  purpose  solar 
collector 

Yang  et  al. 

E 

Single  pass 

Single  glass 

2 

Experimental  analysis  on 

[118] 

flow 

cover 

1 

1.5  m 

thermal  performance  of  a 
solar  air  collector  with  a 
single  pass 

El-khawajah 

E 

Single  pass 

Double 

The  effect  of  using 

et  al.  [119] 

flow 

glass  cover 

transverse  fins  on  a  double 

A  numerical  comparison  of  the  present  design  with  the  most  common 
type  of  solar  air  heaters  is  conducted.  The  results  of  the  comparison  have 
indicated  that  better  thermal  performance  was  obtained  by  the  modified 
system 

Based  on  the  energy  and  exergy  output  rates,  heater  with  double  glass 
covers  and  fins  (Type  II)  is  more  effective  and  the  difference  between  the 
input  and  output  air  temperature  is  higher  than  of  the  others. 


The  results  showed  that  the  double  pass  v-corrugated  plate  solar  air 
heater  is  9.3-11.9%  more  efficient  compared  to  the  double  pass-finned 
plate  solar  air  heater. 

The  results  showed  that  the  double  pass  v-corrugated  plate  solar  air 
heater  is  11-14%  more  efficient  compared  to  the  double  pass  flat  plate 
solar  air  heater.  It  is  also  indicated  that  the  peak  values  of  the  thermo- 
hydraulic  efficiencies  of  the  flat  and  v-corrugated  plate  solar  air  heaters 
are  obtained  when  the  mass  flow  rate  of  the  flowing  air  is  0.02  kg/s. 

All  the  analytical  and  experimental  results  show  that,  although  the 
thermal  performance  of  the  type  2  heater  is  just  slightly  superior  to  that 
of  the  type  1  heater,  both  of  these  cross-corrugated  solar  air-heaters  have 
a  much  superior  thermal  performances  to  that  of  the  flat-plate  one. 


V=50  L/s,  Re =4200, 

//  ^  71 


30  -100  m3/m2  h, 
^=39.05 


t]  ^  67,  0.05  kg/s 
v-corrugated 


t]  =67,  0.05  kg/s 
v-corrugated 


Exp.  Case  4,  Type  2, 
tj  =73.18  analytical 
case  4,  type  2  t]  ^75 


The  results  obtained  from  the  model  are  validated  by  comparison  with  t]  ^89 
experimental  data  of  previous  researchers.  There  is  reasonable  agreement 
between  the  present  model  and  experiment. 


In  the  first  type  (Type  I),  cans  had  been  staggered  as  zigzag  on  absorber  Type  I,  0.05  kg/s, 
plate,  while  in  Type  II  they  were  arranged  in  order.  Type  III  is  a  flat  plate  tj  ^72 
(without  cans).  Also,  comparison  between  the  thermal  efficiency  of  the 
SAH  tested  in  this  study  with  the  ones  reported  in  the  literature  had  been 
presented,  and  a  good  agreement  had  been  found. 


The  highest  efficiency  were  determined  for  the  SAH  with  Type  II  Type  II,  0.0074  kg/s, 

absorbent  plate  in  flow  channel  duct  for  all  operating  conditions,  whereas  rj=82 
the  lowest  values  were  obtained  for  the  SAH  without  obstacles  (Type  IV). 


Maximum  efficiency  obtained  for  the  single  and  double  pass  air  heater  0.038  kg/s, 
was  59.62%  and  63.74%  respectively  for  air  mass  flow  rate  of  0.038  kg/s.  t]si= 59.62, 

t]d= 63.74 


High  temperature  and  high  performance  can  be  obtained  using  dual  t]  =60,  0.02  kg/s 
purpose  solar  collector  (DPSC)  compared  to  single  water  or  air  collector,  rectangular  fin 


Based  on  the  results,  decreasing  the  heat  transfer  resistance  in  the  air  t]  =38.3  for  type  E 

flow  channel  had  the  most  significant  effect  on  thermal  efficiency 

enhancement. 


0-100 
m3/m2  h, 
rju  =  0.834 


t]  =57.7 

0.0225  kg/s 
v-corrugated 

t]  =57 

v-corrugated 


Type  II, 
0.0074  kg/s, 

//  =44 


t]  =85.9  for  6  fins  to 
0.042  kg/s 


<i 

CO 
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energy  balance  [14]: 

[Accumulated  energy]  +  [energy  gain]  =  [absorbed  energy] 


-[lost  energy]  (7) 

for  each  term  of  Eq.  (7)  the  following  expressions  are  formulated: 
[Accumulated  energy]  =  MPCP  ( dTP}ave/dT )  (8) 

[Energy  gain]  =  mCp(T0Ut-Tin )  (9) 

[Absorbed  energy]  =  rj0IAc  (1 0) 

[Lost  energy]  =  Uc(TPtave-Te)Ac  (11) 


By  combining  Eqs.  (8)— (1 1 ),  the  thermal  energy  balance 
equation  necessary  to  describe  the  solar  collector  functioning  is 
obtained: 

MpCp  (dTPiaVe/ dl)  -\-rhCp(T0Ut—Tin)  =  v\  0IAC—U c  (TPiClve—Te^Ac  (12) 


The  optical  yield  (rj0)  and  the  energy  loss  coefficient  ( Uc )  are 
the  parameters  that  characterize  the  behavior  of  the  solar  collector. 
Note  that  Ac  represents  the  fraction  of  the  solar  radiation  absorbed 
by  the  plate  and  depends  mainly  on  transmittance  of  the  transpar¬ 
ent  covers  and  on  the  absorbance  of  the  plate  [14].  The  energy  loss 
coefficient  includes  the  losses  by  the  upper  cover,  the  laterals,  and 
the  bottom  of  the  collector.  The  upper  cover  losses  prevail  over 
the  others,  depending  to  a  large  extent  on  the  temperature  and 
emissivity  of  the  absorbent  bed,  and  besides,  on  the  convective 
effect  of  the  wind  on  the  upper  cover.  The  thermal  efficiency  of  the 
solar  collectors  (/?,)  is  defined  as  the  ratio  between  the  energy  gain 
and  the  solar  radiation  incident  on  the  collector  plane  [9,14,102]: 


(13) 
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Fig.  29  illustrates  the  energy  efficiency  performed  by  different 
authors.  As  seen  in  the  figure,  the  maximum  efficiency  is  obtained 
by  Naphon  [108]. 

8.2.  Exergy  analysis 

To  write  the  exergy  equations  in  solar  air  collector  systems, 
some  assumptions  made  are  as  follows  [9,14,102,103]: 

(i)  steady  state,  steady  flow  operation, 

(ii)  negligible  potential  and  kinetic  energy  effects  and  no  chemi¬ 
cal  or  nuclear  reactions, 

(iii)  air  is  an  ideal  gas  with  a  constant  specific  heat,  and  its  humidity 
content  is  ignored, 

(iv)  the  directions  of  heat  transfer  to  the  system  and  work  transfer 
from  the  system  are  positive. 

The  mass  balance  equation  can  be  expressed  in  the  rate  form  as 

(14) 

where  m  is  the  mass  flow  rate,  and  the  subscript  in  stands  for  inlet 
and  out  for  outlet.  If  the  effects  due  to  the  kinetic  and  potential  energy 
changes  are  neglected,  the  general  energy  and  exergy  balances  can  be 
expressed  in  rate  form  as  given  below  [9,14,102,103]: 

^£in=^E0Ut  (15) 

'yyiExin-iy2Ex0M=Y)  txiest  <  1 6a) 

or 

Eldest— ExXyvork  "T Exmassjn—Exmass,out  —  -Eldest 


(16b) 
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Using  Eq.  (16b)  the  rate  form  of  the  general  exergy  balance  can 
be  expressed  as  follows: 

J2h-^)Q.s-W+Y,mi„4/m=Exdest  (17) 

Where 


<Am  -  fan  he)  Te(Sin  Se)  (18) 

out  =  (hout~he)~Te(Sout~Se)  (19) 

If  Eqs.  (18)  and  (19),  are  substituted  in  Eq.  (17),  it  is  arranged 
as  below: 


^1 —  Qs-™  [( hout—hjn)—Te(SoUt—Sin )]  —  Ex^est  (20) 

where  Qs  is  the  solar  energy  absorbed  by  the  collector  absorber 
surface  and  it  is  evaluated  with  the  expression  given  below 
[9,14,102]: 

Qs  =  I(eoc)Ac  (21) 


AUTHORS 


Fig.  30.  Variation  of  exergy  efficiency  by  various  investigators. 


The  changes  in  the  enthalpy  and  the  entropy  of  the  air  at  the 
collector  are  expressed  by  [9,14,102,103] 

Ah  =  hout-hin  =  Cp  ( Tfi0Ut—Tfin )  (22) 


As  =  sout -sin  =  Cp  In EbU-R  In ^  (23) 

if, in  1  in 

By  substituting  Eqs.  (21)-(23),  into  Eq.  (20)  the  equation  below 
can  be  derived  [9,14,102]: 

(l - ^-)  1(t a)Ac -mCp(Tf  0Ut-Tfjn)  +  mCpTe  In TJ^L-mKTe  ln^  =Exdest 

\  lsJ  1f,in  1  in 

(24) 


The  exergy  destruction  or  the  irreversibility  may  be  expressed 
as  follows  [9,14,102]: 


EXdest  —  TPS 


e^gen 


(25) 


The  exergy  efficiency  of  a  solar  collector  system  can  be 
calculated  in  terms  of  the  net  output  exergy  of  the  system  or 
exergy  destructions  in  the  system.  The  exergy  efficiency  of  SAH 
system  has  been  evaluated  in  terms  of  the  net  output  exergy 
of  the  system.  The  second  law  efficiency  is  calculated  as  follows 
[103]: 


Exout _ rh[h0ut—hin—Te(S0Ut—Sin)] 

Jx^~  (l-(Te/Ts))Qs 


(26) 


When  dealing  with  the  exergy  of  a  process  component,  the 
difference  between  exergy  losses  and  destruction  should  be 
noted.  Exergy  losses  consist  of  exergy  flowing  to  the  surroundings 
whereas  exergy  destruction  indicates  the  loss  of  exergy  within 
the  system  boundary  due  to  irreversibility  [100].  Phrasing  it 
another  way,  the  exergy  destruction  is  the  actual  change  in 
exergy  for  the  irreversible  process  minus  the  change  in  exergy 
that  would  have  occurred  if  the  process  had  been  reversible. 


Flat  Plate  PY/T  Collector 


J  I  1 


{ - N 

Sheetand  tube 

•  Round  tube  absorber 
•Square/rectangular 
tube  absorber 

I _ I 


f - \ 

Single  pass 

I _ I 


r - 

Double  pass 

Fig.  31.  Flat  plate  PV/T  collector  classification  (modified  from  Ref.  [122]). 
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Fig.  32.  Cross-section  of  unglazed  PV/T  air  (a):  (i)  with  tedlar  and  (ii)  without  tedlar  and  (b):  (i)  glazed  with  tedlar  and  (ii)  without  tedlar  [123]. 
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Fig.  33.  The  directions  of  air  movement  in  both  the  channels  along  with  the  depths  of  the  upper  and  lower  channels  are  shown  in  the  supplement  diagrams  of  Fig.  1(a)  and 
(b)  from  Ref.  [124]. 


Fig.  34.  The  thermal  efficiency,  electrical  efficiency,  total  equivalent  thermal  efficiency  and  the  rise  in  the  air  and  cell  temperatures  for  a  solar  PV/T  system  with  and 
without  fins  [124]. 
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The  exergy  destruction  due  to  the  irreversibility  generates  when 
chemical  reaction,  heat  transfer,  pressure  drop  and  mixing  pro¬ 
ceed  in  the  process  [104,105]. 

The  dimensionless  exergy  destruction  or  loss  is  the  result  of 
dividing  Eq.  (25)  by  the  energy  gain  value  of  Eq.  (9)  [103] 


All  physical  properties  of  air  were  selected  according  to  the 
following  bulk  mean  temperature: 

A  Tm  =  (linzJjnd  (29) 


exd  = 


Eldest 

”57 


(27) 


Van  Gool  [106]  has  also  proposed  that  maximum  improve¬ 
ment  in  the  exergy  efficiency  for  a  process  or  system  is  obviously 
achieved  when  the  exergy  loss  or  irreversibility  Exin-Exout  is 
minimized.  Consequently,  he  suggested  that  it  is  useful  to  employ 
the  concept  of  an  exergetic  “improvement  potential”  when  analyzing 
different  processes  or  sectors  of  the  economy.  This  improvement 
potential  in  the  rate  form  is  denoted  by  Refs.  [106,115] 

IP  =  (1 —  ^hi){EXin— Exout)  (28) 
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Fig.  35.  (a)  Monthly  variation  of  thermal  energy  gain  by  considering  a,  b,  c,  d  type 
weather  conditions  of  New  Delhi,  (b)  Monthly  variation  of  electrical  energy 
gain  by  considering  a,  b,  c,  d  type  weather  conditions  of  New  Delhi,  (c)  Monthly 
variation  of  exergy  gain  by  considering  a,  b,  c,  d  type  weather  conditions  of  New 
Delhi  [143]. 


In  this  context,  Alta  et  al.  [107]  compared  three  different  types 
of  designed  flat-plate  SAHs,  two  having  fins  (Types  II  and  III)  and 
the  other  without  fins  (Type  I),  one  of  the  heater  with  a  fin  had 
single  glass  cover  (Type  III)  and  the  others  had  double  glass  covers 
(Types  I  and  II).  The  energy  and  exergy  output  rates  of  the 
SAHs  were  evaluated  for  various  air  flow  rates  (25,  50  and 
100  m3/m2  h),  tilt  angle  (0°,  15°  and  30°)  and  temperature  condi¬ 
tions  versus  time.  The  efficiencies  of  the  finned  collectors  (col¬ 
lector  Types  II  and  III)  is  higher  than  that  of  the  collector  without 
fin  (Type  I).  The  largest  irreversibility  occurs  at  Type  I  (without 
fins)  in  which  collector  efficiency  is  smallest,  and  the  lowest 
irreversibility  was  found  at  Type  II  (with  fins).  Results  for  energy 
and  exergy  are  shown  in  Table  2.  As  seen  from  the  table,  mean 
highest  exergy  efficiency  (0.8340%)  and  the  mean  lowest  exergy 
loss  (99.166%)  for  Type  II  were  found  at  air  flow  rate  of  100  m3/m2  h 
and  0°  tilt  angle. 

Ozturk  and  Demirel  [108]  made  an  experimental  investigation 
of  the  thermal  performance  of  a  SAH  having  its  flow  channel 
packed  with  Raschig  rings.  They  observed  that  the  energy  and 
exergy  efficiencies  of  the  packed-bed  SAH  increased  as  the  outlet 
temperature  of  heat  transfer  fluid  increased.  Akpinar  and  Kogyigit 
[115]  experimentally  studied  the  new  flat-plat  SAH  with  several 
obstacles  and  without  obstacles  for  different  air  flow  rate.  They 
performed  the  first  and  second  laws  of  efficiencies  for  SAHs  and 
comparisons  were  made  among  them.  They  indicated  that  the 
values  of  first  law  efficiency  varied  between  20%  and  82%  and 
second  law  efficiency  changed  from  8.32%  to  44.00%. 

Bayrak  [152]  made  an  experimental  analysis  of  solar  air  heater 
with  porous  obstacles.  In  this  experimental  work,  porous  baffles 
with  different  thicknesses  are  used  as  a  passive  element  inside 
the  SAH.  Closed-cell  aluminum  foams  are  chosen  as  porous 
materials.  These  porous  materials  are  6  mm  and  10  mm  in 
thickness  and  have  a  surface  area  of  50  cm2.  They  were  placed 
sequent  and  staggered  into  the  SAH.  Six  SAHs  were  tested  at  two 
air  mass  flow  rates  of  0.016  and  0.025  kg/s.  The  performances  of 
the  heaters  were  assessed  using  energy  and  exergy  analysis 
methods.  The  highest  collector  efficiency  and  air  temperature 
rise  were  achieved  by  SAHs  with  a  thickness  of  6  mm  and  an  air 
mass  flow  rate  of  0.025  kg/s,  whereas  the  lowest  values  were 
obtained  for  the  SAH  without  obstacles. 

Fig.  30  shows  the  energy  efficiency  performed  by  different 
authors.  As  seen  from  the  figure,  the  maximum  efficiency  is 
obtained  by  Esen  [14]. 


Fig.  36.  Annual  gain  in  energy,  exergy  and  electrical  energy  for  five  different  cities 
of  India  by  considering  a,  b,  c,  d  type  weather  conditions  [143]. 
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9.  Recent  advances  in  flat  plate  photovoltaic/thermal  (PV/T) 
solar  collectors 

Flat  plate  photovoltaic/thermal  (PV/T)  solar  collector  produces 
both  thermal  energy  and  electricity  simultaneously.  Flat  plate 
photovoltaic/thermal  (PV/T)  solar  collector  produces  both  ther¬ 
mal  energy  and  electricity  simultaneously.  The  state-of-the-art  on 
flat  plate  PV/T  collector  classification,  design  and  performance 
evaluation  of  water,  air  and  combination  of  water  and/or  air  based 
were  presented  Ibrahim  et  al.  [122].  Different  design  features  and 


performance  of  flat  plate  PV/T  solar  collectors  were  compared  and 
discussed.  Future  research  and  development  (R&D)  works  were 
proposed. 

In  conclusion,  the  PV/T  can  be  improved  further  based  on  few 
suggestions,  such  as: 

•  New  design  of  absorber  collector  to  improve  efficiency  of 
the  PV. 

•  Replacing  the  roofing  material  with  new  material  that  will 
increase  the  efficiency  of  the  system  and  at  the  same  time 
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Fig.  37.  Schematics  of  the  various  PV/T  models  along  with  heat  transfer  coefficients  [144]. 
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reduces  the  payback  period — attractive  in  case  the  available 
roof  surface  is  limited. 

•  Payback — proposed  system  that  gain  pay  back  in  less  than 
10  years. 

•  Production  and  installation  cost — new  method  to  integrate  the 
systems  into  one  product  with  value  added  production. 

•  Sustainable  energy — ensure  that  the  energy  produced  by  the 
system  is  sustainable  with  zero  C02  emissions. 

•  Esthetics — integration  rather  than  “bolt  on  roof’  gives  better 
architectural  look. 

Classification  of  PV/T  collectors  is  presented  in  Fig.  31  as  given 
[122].  Tiwari  and  Sodha  [123]  found  that  the  glazed  hybrid  PV/T 
without  tedlar  gave  the  best  performance  compared  to  all  con¬ 
figurations  being  evaluated  in  Fig.  32. 

Kumar  and  Rosen  [124]  studied  the  performance  evaluation 
of  a  double  pass  PV/T  SAH  with  and  without  fins.  They  provided 
useful  insights  into  the  thermal  and  electrical  behavior  of  a 
double-pass  air  heater  with  vertical  fins  in  the  lower  air  channels 
and  the  relevance  of  fins  with  absorber  surface  in  the  overall 
performance  enhancement  of  PV/T  collectors.  The  model  is 
shown  in  Fig.  33  and  efficiencies  are  shown  in  Fig.  34.  Tonui 
and  Tripanagnostopoulos  [125]  and  Sukamongkol  et  al.  [126] 
investigated  the  thermal  and  electricity  production  performance 
for  three  types  of  collectors.  Then,  Tonui  and  Tripanagnostopoulos 
[127,128]  made  similar  analysis  for  6  different  collectors. 
Other  studies  related  with  PV/T  collectors  can  be  found  in 
Refs.  [129-142]. 


between  55-65%  and  12-15%,  respectively  (Fig.  39).  Sarhaddi 
et  al.  [145]  evaluated  the  PV/T  solar  air  collectors  from  the 
exergy  point  of  view  (Table  3). 


Fig.  38.  Variation  of  daily  thermal  efficiency  with  air  specific  mass  rate  for  PV/T 
collectors  I— IV  [144]. 


10.  Energy  and  exergy  analysis  of  PV/T  air  collectors 
connected  in  series 

Energy  and  exergy  analysis  of  PV/T  air  collectors  connected  in 
series  have  been  studied  by  different  authors.  These  analyses 
are  complex  due  to  complex  structure  of  the  collectors.  In  this 
context,  Dubey  et  al.  [143]  showed  the  detailed  analysis  of 
energy,  exergy  and  electrical  energy  by  varying  the  number  of 
collectors  and  air  velocity  considering  four  weather  conditions  (a, 
b,  c  and  d  type)  and  five  different  cities  (New  Delhi,  Bangalore, 
Mumbai,  Srinagar,  and  Jodhpur)  of  India.  It  was  found  that  the 
collectors  fully  covered  by  PV  module  and  air  flows  below  the 
absorber  plate  gave  better  results  in  terms  of  thermal  energy, 
electrical  energy  and  exergy  gain  as  seen  from  Figs.  35  and  36. 
Hegazy  [144]  made  an  extensive  investigation  of  the  thermal, 
electrical,  hydraulic  and  overall  performances  of  flat  plate  photo¬ 
voltaic/thermal  (PV/T)  air  collectors.  Four  popular  designs 
were  considered  with  the  air  flowing  either  over  the  absorber 
(Model  I)  or  under  it  (Model  II)  and  on  both  sides  of  the  absorber 
in  a  single  pass  (Model  III)  or  in  a  double  pass  fashion  (Model  IV). 
The  effects  of  air  specific  flow  rate  and  the  selectivity  of  the 
absorber  plate  and  PV  cells  on  the  performances  were  examined. 
It  was  found  that  under  similar  operational  conditions,  the 
Model  I  collector  had  the  lowest  performance,  while  the  other 
models  exhibited  comparable  thermal  and  electrical  output  gains. 
Nevertheless,  Model  III  collector  demanded  the  least  fan  power, 
followed  by  Models  IV  and  II.  As  a  conclusion,  the  design  of 
Case  I  was  efficient  at  higher  air  velocity  and  for  one  collector. 
However,  the  design  of  Case  II  was  efficient  for  lower  air 
velocity  and  higher  number  of  collectors  connected  in  series 
(Figs.  37  and  38).  Joshi  and  Tiwari  [4]  studied  energy  and  exergy 
efficiencies  of  a  hybrid  photovoltaic-thermal  (PV/T)  air  collec¬ 
tor.  The  performance  of  a  hybrid  PV/T  parallel  plate  air  collector 
were  investigated  for  four  climatic  conditions  and  then  exergy 
efficiencies  were  carried  out.  It  was  observed  that  an  instanta¬ 
neous  energy  and  exergy  efficiency  of  PV/T  air  heater  varied 


Thermal  energy  — ♦ —  Electrical  energy 


Thermal  energy  — Electrical  energy 


Fig.  39.  (a)  Electrical,  thermal  and  total  exergy  and  exergy  efficiency  for  January  at 
Srinagar,  (b)  Electrical,  thermal  and  exergy  and  exergy  efficiency  for  June  at 
Srinagar  [4]. 
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Table  3 

List  of  some  studies  conducted  on  PV/T  collectors. 


Investigators 

Method 

E  (Exp.) 

T (Theory) 

System 

Remarks 

Tiwari  and 

Sodha  [123] 

E 

T 

Parametric  study  of  various  configurations 
of  hybrid  PV/thermal  air  collector: 
Experimental  validation  of  theoretical 
model 

Numerical  computations  have  been  carried  out  for  composite 
climate  of  New  Delhi  and  the  results  for  different  configurations 
have  been  compared.  The  thermal  model  for  unglazed  PV/T  air 
heating  system  has  also  been  validated  experimentally  for 
summer  climatic  conditions.  It  is  observed  that  glazed  hybrid 
PV/T  without  tedlar  gives  the  best  performance. 

Othman  et  al. 
[146] 

E 

Development  of  advanced  solar  assisted 
drying  systems 

The  use  of  solar  dryers  will  enhanced  the  environment,  wealth 
creation  and  nation  building  as  well  as  sustainable 
development  for  the  country. 

Garg  and 

Adhikari 

[147] 

T 

Conventional  hybrid  photovoltaic/thermal 
(PV/T)  air  heating  collectors:  steady-state 
simulation 

A  simulation  model  is  developed  and  various  performance 
parameters  are  calculated  for  single-glass  and  double-glass 
configurations.  Result  are  presented  to  show  the  effect  of 
various  design  and  operational  parameters  on  the  performance 
of  a  system.  It  has  also  been  observed  that  for  larger  values  of 
duct  depth  the  percentage  decrease  in  performance  of  the 
double-glass  configuration  is  smaller  than  for  the  single-glass 
configuration. 

Solanki  et  al. 
[148] 

E 

T 

Indoor  simulation  and  testing  of 
photovoltaic  thermal  (PV/T)  air  collectors 

An  indoor  standard  test  procedure  has  been  developed  for 
thermal  and  electrical  testing  of  PV/T  collectors  connected  in 
series.  Comparison  between  experimental  and  theoretical 
results  were  also  been  carried  out.  The  thermal  and  electrical 
efficiency  of  the  solar  heater  is  42%  and  8.4%,  respectively. 

Sarhaddi  et  al. 
[149] 

T 

An  improved  thermal  and  electrical  model 
for  a  solar  photovoltaic  thermal  (PV/T)  air 
collector 

It  is  also  found  that  the  thermal  efficiency,  electrical  efficiency 
and  overall  energy  efficiency  of  PV/T  air  collector  is  about 
17.18%,  10.01%  and  45%,  respectively,  for  a  sample  climatic, 
operating  and  design  parameters 

Alfegi  et  al. 

[150] 

T 

Transient  mathematical  model  of  both  side 
single  pass  photovoltaic  thermal  air 
collector 

A  mathematical  model  and  solution  procedure  of  a  single  pass 
photovoltaic  thermal  air  collector  (PVT)  with  Compound 
Parabolic  Concentrator  (CPC)  and  fins  with  both  sides  of  the 
absorber  for  predicting  the  thermal  and  combined 
photovoltaic  thermal  performance  of  the  system  is  presented. 
Results  at  solar  irradiance  of  400  W/m2  show  that  the 
combined  PV/T  efficiency  is  increasing  from  26.6%  to  39.13%  at 
mass  flow  rates  varies  from  0.0316  to  0.09  kg/s. 

Alfegi  et  al. 

[151]  cc 

E 

Experimental  investigation  of  single  pass, 
double  duct  photovoltaic  thermal  (PV/T) 
air  collector  with  CPC  and  fins 

An  experimental  investigation  of  a  solar  air  heater  with 
photovoltaic  cell  located  at  the  absorber  with  compound 
parabolic  collector  (CPC)  and  fins  have  been  developed  and 
tested.  Results  at  solar  irradiance  of  400  W/m2  showed  that 
the  combined  PV/T  efficiency  is  increasing  from  27.50%  to 
40.044%  at  mass  flow  rates  various  from  0.0316  to  0.09  kg/s 

11.  Conclusions 

A  review  has  been  performed  on  experimental  and  numerical 

studies  of  SAHs  for  the  last  40  years.  The  main  conclusions,  which 

may  be  drawn  from  the  results  of  the  present  study,  are  listed  below: 

(a)  Solar  air  collectors  can  be  used  to  enhance  the  temperature  of 
air  used  in  different  systems.  The  SAHs  have  become  a  very 
popular  subject  on  which  many  researchers  have  focused  in 
the  recent  years. 

(b)  Studies  conducted  mostly  focused  on  the  enhancement  of 
heat  transfer  in  solar  air  collectors  by  using  passive  heat  transfer 
enhancement  techniques. 

(c)  In  any  cases,  body  added  (V-groove,  fin  etc.)  SAHs  have  more 
efficiency  than  that  of  flat  plate  collectors. 

(d)  Both  theoretical  and  experimental  analyses  done  were  much 
in  numbers.  It  was  also  observed  that  Computational  Fluid 
Dynamics  (CFD)  methods  can  be  used  to  analyze  the  effi¬ 
ciency  of  SAHs  systems. 

(e)  Energy  analysis  method  has  been  used  in  a  number  of  studies 
while  works  conducted  on  exergy  analysis  were  very  low  in 
numbers.  Energy  efficiencies  of  solar  air  collectors  reviewed 
changed  between  47%  and  89%. 

(f)  SAHs  systems  become  more  efficient  when  they  are  used  for  both 
space  heating  and  electricity  generation  via  PV/T  systems. 


(g)  Exergy  analysis  is  also  an  effective  way  to  analyze  the 
effectiveness  of  PV/T  systems. 

Efficiencies  are  strongly  depended  on  the  SAH  material  such  as 
cover,  absorber  etc.  Single  or  double  pass  collectors  also  play  an 
important  role  in  terms  of  efficiency. 
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